Differentiation of human neural progenitor cell-derived spiral ganglion-like neurons: a time-lapse video study.
Introduction
Human organ of Corti constitutes a cell mosaic of polarized sensory receptors with surrounding supporting cells. The number of hair cell receptors are remarkably low, approximately 15 000.
About 3 400 of these are so-called inner hair cells (IHC) (1) which convey neural signals to the CNS through 35 000 primary afferents (2) ; the bipolar type I spiral ganglion neurons (SGN).
Sensory-neural deafness is most frequently caused by loss of inner ear hair cell (HC) function and can be alleviated by cochlear implantation (CI). In conditions disrupting cochlear nerve function or in genetic diseases causing severe loss of primary afferents with preserved hair cells patients can be treated with auditory brain stem implantation (ABI) to restore some hearing. Potentially these individuals could be treated with nerve cell replacement (3).
Stem cells have been verified in the adult inner ear (4) suggesting some regenerative potential (5) . Neural stem cell marker nestin is expressed in the developing and mature mammalian inner ear (4, 6) . Despite ethical and immunological concerns transplanted stem cells hold considerable interest for regenerating auditory neurons and even hair cells (7) .
In previous studies, spiral ganglion-like (SG) cells have been produced from mammalian stem cells, including human (8) (9) (10) . Here we differentiated and expanded human neural progenitor cells (hNPC). Morphology and protein expression was analyzed using time-lapse video, immunofluorescence and confocal microscopy. The hNPCs were differentiated in culture conditions developed for primary cultured human and guinea pig SG cells (5) . Cells were compared with primary human sphere derived neurons.
Materials and Methods

Culturing neural progenitor cells
The ENStem-A cell line is an adherent non-immortalized commercially available (Millipore) hNPC derived from the WA09 (H9) human embryonic stem cell line (WiCell).
hNPC were cultured in Neurobasal medium (Gibco) supplemented with 2% B27 supplement (Gibco), 1 % L-glutamine (Gibco) and 0.04 % gentamicin during both expansion and differentiation. Medium was replaced every second or third day. Proliferating cells were passaged using Accutase (Millipore).
To stimulate proliferation 20 ng/mL of fibroblast growth factor-2 (FGF-2, Millipore) and 10 ng/mL of leukemia inhibitory factor (LIF, Millipore) was added to the media.
During differentiation FGF-2 and LIF were withdrawn and replaced with 20 ng/mL glial cellderived neurotrophic factor (GDNF, Millipore), brain-derived neurotrophic factor (BDNF, Millipore) and neurotrophin-3 (NT-3, Millipore) to promote spiral ganglion-like differentiation.
Cells were normally differentiated for 14 -18 days.
During both expansion and differentiation tissue culture plastic was double coated with poly-Lornithine (Sigma-Aldrich) and laminin (mouse, Millipore).
Time-lapse video microscopy (TLVM)
TLVM recordings were made using an inverted microscope (Nikon TE2000) fitted with an incubator and Nikon Perfect Focus System controlled via NIS Elements software (version 3.10, SP3, Hotfix 1). Pictures were taken every 1 -2 minutes for 12 -48 hours and movies were saved in a compacted avi-format at an increased frame rate with one frame every 70 ms.
Videos were also recorded using a second inverted, incubator fitted, microscope (Zeiss Axiovert 135, Germany) with a video camera connected to a digital surveillance recorder (Sony, Japan) taking one picture every third min.
Immunohistochemistry
Cells were fixed for 20 min at room temperature in 4 % paraformaldehyde solution. The paraformaldehyde solution was removed and cells washed 3 x 5 min with phosphate buffered saline (PBS, Gibco). Fixated specimen were treated with 0.4 % Triton X-100 detergent for 30 min at room temperature, followed by application of primary antibody (see Table 1 
Image processing
Measurements and image analysis was performed using ImageJ (1.43u).
Results
Differentiating hNPC morphology
TLVM demonstrated in great detail the temporary events during the maturation process of the hNPC. Video microscopy display cell metamorphosis from undifferentiated to mature stage. In addition, axonal sprouting and growth cone formation were documented. After an initial stage of proliferation, cell apoptosis increased. Rosette formations were common with hNPC with peripherally directed cell processes in colonies (11) . Cell nuclei changed structure and were birefringent having a diameter around 15x20 µm. Neurons were bi-, tri-or multipolar. Nuclear translocation could be observed (Figure 1 ).
The growth cones (GC) frequently fasciculated with adjacent cells and formed networks interacting with both neural-and non-neural cells. One cell was traced for 16 hours between day 18 and 19 of differentiation. Seventeen images were chosen, showing the hourly progress ( Figure   2 ). The hNPC-derived neurons were morphologically similar to primary stem cell-derived neurons observed earlier (Figure 2, B) (5) .
Differentiation markers
Immunofluorescence imaging was performed at day 0, 7 and 14 on hNPC cells with markers for neural differentiation (Table 1) 
Discussion
Here, we could explore and monitor the growth and maturation of hNPC:s, using time-lapse video microscopy and immunofluorescent staining.
The hNPC were readily differentiated into SG-like cells under the influence of culture conditions previously developed for primary cultured guinea pig and human SG neurons. Morphologically, we saw consistent similarities between the differentiated hNPC and human sphere-derived neurons. Cells had an ovoid cell soma and smaller nuclear size compared to primary type 1 SG neurons which has a round cell soma and prominent nucleus (16) .
TLVM revealed a rapid axonal outgrowth as early as day 7. Axonal sprouting was preceded by physical cell interaction and rosette formations; a phenomenon previously linked to neural progenitor cells. Cells also underwent extensive cell division and apoptosis. Differentiation gave rise to neurons whose axonal processes that fasciculate forming bundles, which stain positive for During the maturation process, cells expressed SG-associated markers NTRK2, Tuj 1, Nf-m and GlutR1. Developmental markers Neurog1 and Brn3a both expressed during SG development were also found. GATA3 however, was not verified, suggesting that cells do not strictly follow a SG-specific differentiation route, but although GATA3 has an important function during embryonic development, it may not be necessary for functional integration into a mature auditory nerve. It is also possible that since these cells are selected as neural progenitors their differentiation path is more restricted, also within the neural lineage. Co-expression of Olig1 and Tuj 1 was surprising and suggested that cells had not fully matured into neurons. Cells also expressed Cx30 and to some extent also S-100 and GFAP, suggesting a differentiation along glial cell lineage.
When considering transplantation an important issue is the functional integration of hNPCs connecting to native type 1 hair cells. Previous studies have shown that stem cells implanted into animal cochlea remain in the tissue and differentiate into mature neurons with axonal outgrowth towards organ of Corti, IHC and brain stem (17, 18) . This process has even been suggested to result in improved hearing threshold in chemically deafened animals (19) . Since stem cells capable of neural differentiation reside in the adult human cochleae (5), it is feasible that humans also express cues necessary for stem cell differentiation and integration. Hair cell-like cells have also been produced in vitro (20) . However, due to immunological concerns and the potentially tumorigenic nature of stem cells, cell replacement as a clinical tool to treat hearing impairment is still in the future.
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